Introduction
Anthropogenic factors and abiotic stress are the main reasons for plant death. In certain circumstances however, when plants are exposed to a single stress, the plant may be able to adapt and increase resistance [1, 2] .
Soil acidity is a major constraint to global agricultural production, affecting 30% of the world's land area [3] . Generally, when the pH of the soil is below pH 5.5, the presence of soluble aluminium ions increases, retarding root growth and disrupting the function of the plasma membrane, cell wall, Ca homeostasis and signal transduction pathways [4] . By inhibiting root growth, the plant becomes unable to obtain water and nutrients [5] . Interestingly, soil acidification as a consequence of fertilizer use has also been documented [6] . This has become a significant issue as the global expansion of synthetic fertilizer use has lead to a dramatic increase in the number of locations were soil acidity is observed [6] . The acidification can result in negative impacts to root metabolism and decreased plant growth when soil pH is below a critical thresholds (usually less than 5.5) [7] . In addition, soil acidification can also lead to leaf yellowing and a decrease in the net photosynthetic rate [8] .
One of the most important aspects of global change is the gradual depletion of stratospheric ozone which increases the amount of ultraviolet-B radiation reaching the Earth's surface [9] . A wealth of research during the past decades has been directed towards quantifying the potential effects of UV-B fluxes on plant parameters [10] . A variety of developmental processes in plants are affected by UV-B radiation including photosynthesis, transpiration, leaf expansion, dark respiration and biomass allocation. These effects may be caused directly by altering photosynthetic enzyme activity and/or causing disruption of photosystem II reaction centre [11] , or indirectly by affecting stomata function, leaf growth or biosynthesis of photosynthetic pigments and carotenoids [12] . UV-B has also been shown to affect the activity of enzymes of the carbon reduction metabolism, mainly Rubisco, and in this way directly involved in the CO 2 assimilation and biomass production [13] . UV-B radiation has been shown to reduce plant height, stem length and leaf area in a number of plant species including wheat, rice, pea, sunflower, tomato and lettuce [14] . Since UV-B induces general stress responses, the syntheses of a broad variety of metabolites regarding growth, development and defense may also be affected [15] . While the accumulation of flavonoids and hydroxycinnamic acids in epidermal cells is the main mechanism of plants to build up protection against UV [16, 17] , this may lead to pigment induction and DNA repair [18, 19] . For example, flavonoids, apart from having antioxidant properties, protect plants from UV-B radiation by working as an internal filter [20] . Interestingly however, the effects of UV-B radiation on photosynthesis vary among species and can have negative effects on leaf photosynthesis in some plants [21, 22] and little or no effect in others [23] .
The combined effects of substrate acidification and UV-B radiation on plant photosynthesis and growth have received little attention. In 1998, Paoletti [24] studied UV-B and acid rain effects on beech (Fagus sylvatica L.) and holm oak (Quercus ilex L.) leaves and found that beech leaves were more sensitive to UV-B radiation and simulated acid rain than holm oak leaves. Although the combined treatment of UV-B radiation and simulated acid rain induced the greatest level of leaf tissue necroses, when tested separately, the stimulated acid rain caused more damage than UV-B radiation [24] . The purpose of this study was to assess the combined impact of substrate acidity and low UV-B radiation on photosynthesis and growth of radish (Raphanus sativus L.).
Experimental Procedures
Radish (Raphanus sativus L.; cv. 'Chery Belle') was chosen for investigation. Experiments were carried out in a vegetation room with controlled environment: photoperiod -14 h, average temperature of 20-25°C, relative humidity -60%. "Philips Master Green Power CG T" 600W lamps, light intensity at the level of plants 14000 Lx, provided light.
Radishes (10 per pot) were sown in a peat substrate (pH 6.0-6.5) in 5 L pots (21 cm [26] .
Investigated indices net photosynthetic rate, intercellular CO 2 concentration, transpiration, water use efficiency, photosynthetic pigments and dry biomass of shoot (foliage) and tuber of radish were measured after ten days.
Gas exchange parameters were measured with portable photosynthesis system LI-6400 (LI-COR,
and water use efficiency (WUE) (µmol CO 2 mmol H 2 O -1 ) of second fully expanded leave were registered every 20 seconds for 40 minutes. From this data, a mean of each measured indices was obtained. Environment conditions during experiments were: air flow rate -400 µmol s -1 ; block and leaf temperature -24°C; CO 2 concentration in sample cell -350-400 µmol CO 2 mol -1 ; relative humidity in sample cell -30%; lightness in quant -150 µmol m -2 s -1 . The second fully expanded leaf from each plant was harvested and the photosynthetic pigments were analyzed using a spectrophotometer (Genesys 6, ThermoSpectronic, USA) in 100% acetone extracts prepared according to Wettstein's method [27] . Photosynthetic pigments were expressed in mgg -1 of fresh weight. At the end of the experiment, the plants were harvested and dried in an oven at 60°C until constant dry foliage and tuber biomass was obtained. The biomasses were expressed in mg per plant (mg plant -1 ). ANOVA were used to determine the effects of substrate acidity and UV-B, while for independent variable comparisons Student's t and U tests were used. All analyses were performed by STATISTICA and the results were expressed as mean values and their confidence intervals (CI) (P<0.05).
Results
While single 1 kJm
UV-B radiation had no statistically significant effect on the net photosynthesis of radish plants, substrate acidity had a dramatic effect (Figure 1 ). On the last day of the experiment, radishes grown in an acidified pH 4.8 substrate showed a 21.3% (P<0.05) decrease in the net photosynthesis when compared to the radishes grown in neutral pH 6.5 substrate. Furthermore, when grown in an acidified pH 3.8 substrate, the radishes showed a 35.6% (P<0.05) decrease in the net photosynthesis. The inhibition of net photosynthesis of radish plants treated with both UV-B and substrate acidity was lower than the effect of the substrate acidity alone. pH 4. (Figure 2 ).
Both investigated factors affected water use efficiency ( Figure 3 ; Table 1 ), but had no effect on transpiration ( Figure 4 ; Table 1 ). Changes in water use efficiency showed a similar trend to the results obtained for net photosynthesis (Figure 1 Chlorophyll a was more sensitive to the effects of UV-B radiation and substrate acidity than either chlorophyll b and carotenoids ( Figure 5 ). Single 1 kJm
UV-B dose impact decreased chlorophyll a and chlorophyll b content by 25.3% and 32.8% respectively. Radishes grown in an acidified pH 4.8 substrate showed a dramatic decrease in chlorophyll a and b content, 46.0% and 21.7% (P<0.05) respectively, when compared to radishes grown in neutral pH 6.5 substrate. A further decrease in chlorophyll a and b content, 80.9% and 68.0% (P<0.05) respectively, was observed for plants grown in an acidified pH 3.8 substrate. While the combined effect of UV-B and substrate acidity on photosynthetic pigments had the greatest effect on plants grown in an acidified pH 4.8 substrate, the combined effect of UV-B radiation and pH 3.8 acidity was weaker compared to the impact of substrate acidity alone.
UV-B radiation and substrate acidity had a greater impact on tuber biomass than foliage biomass ( Figure 6 ). Dry shoots biomass of radish plants exposed to UV-B radiation decreased by 28.5% although statistically insignificant ( Figure 6A ). Low and statistically not significant decrease of foliage biomass was detected under the impact of pH 4.8 substrate too. Only radishes grown in an acidified pH 3.8 substrate showed a statistically significant decrease in dry foliage biomass, reaching 63% and 38% under single and combined impacts respectively (P<0.05). The higher acidity substrate had the highest impact on radish tuber biomass too, when it decreased by 81% compare to the reference treatment ( Figure 6B ). Increasing shoot: root ratio also showed that the highest negative effect of investigated factors was on tuber biomass accumulation than on foliage ( Figure 6C ). The combined effect of UV-B radiation and substrate acidity on biomass accumulation followed a similar trend to that observed with other investigated indices, i.e. the decreases were lower compared to the single impact of substrate acidity.
The investigated factors (substrate acidity and UV-B radiation) influenced radish physiological and morphological parameters (Table 1) . Substrate acidity had the highest statistically significant impact on all investigated parameters, while the combined effect of substrate acidity and UV-B radiation was statistically significant only for six out of nine investigated parameters.
Discussion
Different stress factors can result in either plant death or adaptation. The effects of UV-B radiation and other factors on plant growth also vary among plant species [23] . This study investigated how radishes (which are known to be UV-B tolerant [26] ) responded to UV-B radiation. As expected, low (1 kJm -2 d -1 ) UV-B radiation caused a higher photosynthetic rate when compared to control plants (Figure 1) . Radishes grown in an acidified pH 3.8 peat substrate showed the greatest inhibition of net photosynthesis and the highest intercellular CO 2 concentration. Taken together, this data shows that these stresses had an intense effect on reactions of dark phase of photosynthesis. Biophysical processes, which include CO 2 transport through the leaf and stomata, and biochemical processes, located in the chloroplast thylakoid membranes, determine the net rate of CO 2 assimilation. The increase in intercellular CO 2 levels indicates that the net photosynthesis is reduced by reducing either CO 2 fixation by Rubisco, or other conditions in which enzymes of the Calvin cycle (other than Rubisco) limit the rate of photosynthesis [28] . Investigated 1 kJm -2 d -1 UV-B radiation dose stimulated enzymatic reactions of photosynthesis of radish and a statistically significant decrease in the intercellular CO 2 concentration was detected in radish leaves (Figure 2 , Table 1 ).
UV-B radiation stimulated water use efficiency of radish plants grown in both acidified peat substrates (Figure 3) . Gitz et al. [29] observed that the water use efficiency of four soybean lines was increased under UV-B exposure as changes in stomatal development and function resulted in a significant decrease in transpiration. In a study on three eastern tree species, Sullivan et al. [30] also reported that ambient UV-B radiation improved the water use efficiency through reduction of stomatal conductance. Some results showed that water use efficiency in the high altitude growing plants could be increased by near-ambient UV-B. All these results showed that UV-B radiation can improve the water economy of plants [29] [30] [31] . 
shoot : root ratio
Chlorophyll a was more sensitive to the effects of UV-B radiation and substrate acidity than either chlorophyll b or carotenoids. These results combined with other studies show that reduced photosynthesis under low (1-3 kJm -2 d -1 ) UV-B impact does not result from decreased chlorophyll content (Figure 1, Figure 5 ) [14] . In addition, the observation that substrate acidity leads to a decrease in chlorophyll a content in leaves is line with other research studies [32, 33] . Surprisingly, depending on the experimental conditions, UV-B radiation has been shown to increase [34] , decrease [23] or have no effect on chlorophyll content [35] . Much of UV-B radiation is attenuated in leaves by leaf cuticles via UV-absorbing compounds produced and deposited in leaf epidermal cells or hairs [36] or by antioxidant systems [37] . It has been suggested that UV-B radiation causes a down-regulation of the expression of the genes encoding the chlorophyll a/b-binding proteins [38] .
Many authors have shown that acidification can result in negative effects on root metabolism and plant growth especially when the soil pH falls below pH 5.5 [7] . One of the first effects could be that the ratio H + /(Ca 2+ ; Mg 2+ ) in the rhizosphere increased, leading to a high permeability of cell membrane and dissolution of cell wall. Chromosomal anomalies may also occur during cell division in the roots. If cells were damaged, dissolution of the cell walls could lead to tissue disruption [39] , and impact biomass accumulation. Our results showed the similar trend, although a statistically significant change in foliage biomass was only detected for radishes grown in an acidified pH 3.8 substrate. Additional near ambient UV-B radiation could improve the water economy of plants [12, 30, 31] , so under combined impact of the substrate acidity and UV-B radiation, changes of the foliage and tuber biomasses of radish were detected, but not statistically significant ( Figure 6 ).
In conclusion, low 1 kJm -2 d -1 UV-B radiation caused a higher photosynthetic rate of radish plants and stimulated both enzymatic reactions of photosynthesis and water use efficiency of radish plants grown in acidified peat substrates. Low UV-B radiation increased foliage growth of radish plants affected by substrate acidification, and this also led to the increase of tuber biomass. 
